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UPDATED DECAY AND PHOTON LIBRARIES
- FOR THE ORIGEN CODE

A. G. Croff, R. L. Haese, and N. B. Gove
ABSTRACT

Previously existing decay and photon libraries for the
ORIGEN computer code have been updated by utilizing a variety
of sources. Information obtained from the Evaluated Nuclear
Structure Data File (ENSDF) at ORNL was used to revise the
half-lives, branching ratios, and recoverable heat values
for 427 isotopes. Fifty-seven delayed-neutron precursors
were included, based on information in ENDF/B-IV. The
natural abundances and the Radionuclide Concentration Guide
values were updated for all isotopes. The decay heat values
predicted using the new decay library were found to compare
favorably with those given in the proposed 1978 ANS Standard
5.1 (draft ANSI/ANS-5.1, Proposed American National Standard
Decay Heat Power in Light Water Reactors). A new photon
library was also generated for 427 isotopes, based principally
- on data presented in ENSDF. The photon library includes decay
gamma and x-rays, conversion photons, (d,n) gamma rays, prompt
and fission product gamma rays from spontaneous fission, and
- - bremsstrahlung. Both of the revised libraries are listed.

1. INTRODUCTION AND SUMMARY
1.1 Introduction

1.1.1 Background

The ORIGENl computer code is a versatile tool for calculating the
buildup and depletion of isotopes in nuclear materials. This computer
code was written in the late 1960s and early 1970s in the ORNL Chemical
Technology Division, and at that time the required nuclear data libraries
(half-lives, cross sections, fission product yields, etec.) and reactor

models (PWR-U, PWR-Pu, LMFBR, HTGR, and MSBR) were developed. The code

L]

was principally intended for use in generating spent fuel and waste

- characteristics (composition, thermal power, etc.) that would form the

basis for the study and design of fuel reprocessing plants, spent fuel




shipping casks, waste treatment and disposal facilities, and waste
shipping casks. Since fuel cycle operations were being examined gener-
ically, and thus were expected to accommodate a wide range of fuel
characteristics, it was only necessary that the ORIGEN results be somewhat
representative of this range. The decay and photon data used by ORIGEN

at this time were abstracted by manual means, principally from the Table
of Isotopes.

Soon after the ORIGEN computer code had been documented, it was made
available to users outside of ORNL through the Radiation Shielding Infor-
mation Center at ORNL. Because ORIGEN was relatively simple and had
convenient and detailed output edits, many organizations acquired it.
Some of these organizations began using ORIGEN for applications which
were more complex than those for which it had originally been intended.
These applications were generally much more specific than the early ORNL
generic fuel cycle studies, and many were environmental impact studies
that required relatively precise calculations of minor isotopes such as
3H, 11“C, 232U,and 242>24%cm,  The initial responses to this were attempts

to update specific aspects of ORIGEN and its data bases. However,
these attempts soon resulted in inconsistencies and a large number of
different data bases.

Inban effort to remedy these problems, a concerted program was
initiated in 1975 in the ORNL Chemical Technology Division to update
the ORIGEN computer code and its associated data bases and reactor models.
This report is the second of several documents describing the various
aspects of this program. The first report5 described revised uranium-
plutonium cycle LWR models for ORIGEN and was basically concerned with
cross—section processing and reactor physics calculations. Other reports
to be issued in the future will document a revised version of the ORIGEN
computer code, additional updated cross—section/fission-product-yield

libraries, and additional reactor models.

1.1.2 Scope

This report is concerned with the description and listing of two
revised ORIGEN libraries containing data related to the decay of radio-

active isotopes:
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1. a "decay library" containing information such as half-lives,

decay branching, recoverable heat, etc., and

2. a "photon library" containing the energies and intensities of
photons (including bremsstrahlung) resulting from the decay
- of radioactive isotopes (but not from particle capture).

Although the data come from several sources, the largest portion was

6,7 at

derived from the Evaluated Nuclear Structure Data File (ENSDF)
ORNL. This file will be discussed further in Sect. 1.1.3.
The body of this report describes the contents of the new data

libraries, the rules used to generate the data from ENSDF, and the sources
of miscellaneous data used in the libraries. The description of the decay
library is relatively straightforward since the generation of this infor-
mation simply involves the compilation of data already in existence on
ENSDF and/or available from other sources. The description of the gener-
ation of the photon library is somewhat more complex since (1) there are
several photon sources, and (2) a considerable amount of calculation is

required to determine the intensity and spectrum of the bremsstrahlung,

which are included in this library.

1.1.3 Description of ENSDF

The ORNL Nuclear Data Project has been a recognized center for the
systematic collection and evaluation of data from nuclear structure
experiments since 1948.7 The principal means of information output for
the Project has been the "Nuclear Data Sheets."8 The process of organ-
izing nuclear data for publication in this periodical has led to the
development of a structure for containing such data. In 1971, a formal
structure was developed for entering nuclear structure data into computer
files.6 These files, from which the "Nuclear Data Sheets" are presently
prepared, have formed the basis for updating portions of the ORIGEN
decay and photon libraries.

ENSDF is built around the properties of nuclear energy levels in
individual isotopes.7 The information contained in ENSDF involves the

properties (e.g., energy, spin, parity, half-life) of identified levels




as well as the transitions between these levels (e.g., decay modes and
probabilities). The data in ENSDF are based on experimental results
only and are not derived from calculations based on nuclear systematics.
ENSDF also contains files with "adopted levels" which, in contrast to
ref. 2, contain the recommended nuclear properties based on the Nuclear
Data Project's evaluation of one or more experiments. These adopted
data were used in updating the ORIGEN libraries.

One of the principal features of ENSDF is that it contains informa-
tion relative to the energy levels of the isotope of interest. However,
the decay-related data necessary for engineering purposes are based on
the properties of the daughter products since the gamma rays, recoverable
heat, etc., are characteristic of the energy levels of the daughter
nucleus. Thus, generation of a complete set of decay-related information
for ORIGEN requires that a mechanism be provided for accessing the data
related to the energy levels of the daughter(s) of the isotope of interest.
Computer codes have been developed by the Nuclear Data Project for this
purpose,9 and engineering-oriented information has been published for

selected nuclides.g’lO

1.2 Summary
\

The work described in this report consisted of gathering and processing
a large amount of data needed to update the decay and photon libraries used
by the ORIGEN computer- code. The information included in the new decay
library is as follows: (1) half-life; (2) the fraction of decay events
(i.e., branching ratios) that proceed via beta decay, beta decay to an
excited state, positron plus electron capture decay, positron plus electron
capture decay to an excited state, alpha decay, spontaneous fission decay,
internal transition decay, and (B,n) decay (from delayed-neutron precur-
sors); (3) the average recoverable heat from each decay event; (4) the
abundance of each naturally occurring isotope; and (5) the Radionuclide
Concentration Guide (RCG) values (which specify the maximum permissible
concentration of each nuclide) for all nuclides in air and water. The
information in items 1 through 3 has been updated for 427 nuclides by

using data from ENSDF. The remaining information was updated for all



1299 isotopes (stable and radioactive) considered in ORIGEN by utilizing
several sources that will be described in Sect. 2. The revised ORIGEN
decay library is listed in Appendix A.

Updating the photon library led to the creation of two subsidiary
libraries (designated as master libraries), plus two sets of equations,
each describing a different type of photon resulting from radiocactive
decay. The first master library includes the energy and intensity of
decay gamma rays for the same 427 isotopes mentioned in the previous
paragraph. The second master library contains the energy and intensity
of the bremsstrahlung produced by all beta~ and positron~emitters in
the group of 427 isotopes. The bremsstrahlung was cast into an energy
group structure with a maximum of 70 energy groups (depending on the
maximum beta or positron energy), thus forming the library. A uranium
dioxide matrix was assumed in the calculation of the bremsstrahlung,
which is media-dependent. Finally, information was developed in equation
form concerning the gamma rays produced by (a,n) reactions and spontaneous
fission decay events by the actinides.

The photon library usedrby ORIGEN was generated by combining the
information in the two master libraries plus that contained in the two
sets of equations into a consolidated photon library with a fixed energy
group structure. This library is listed in Appendix B.

As was noted previously, values for the decay-related properties
for 427 radioactive isotopes were updated using ENSDF. Since the ORIGEN
library contains approximately 1000 radioactive isotopes, it is evident
that the update is only partially complete. However, the significance
of this apparent incompleteness is markedly reduced by three additional

considerations:

1. The 427 isotopes considered in this effort include nearly all of
those considered to be important at decay times longer than a few

days.

.

2. Many of the isotopes not included have such short half-lives (on the
order of seconds or tens of seconds) that their properties can only
be calculated based on nuclear structure systematics. While the

results of these calculations may never be available from ENSDF,




they can be obtained from ENDF/B-IVll and have been previously
incorporated into the updated libraries.4

3. This revision of the decay and photon libraries will be supplemented

as additional information becomes available from ENSDF or elsewhere.
2. DESCRIPTION OF THE UPDATED ORIGEN DECAY LIBRARY

The ORIGEN decay library contains information that is independent
of the nuclear system being considered. This library serves two princi-
pal functions in ORIGEN: (1) it specifies the entire list of nuclides
that will be considered in the calculation in each of three segments
(i.e., activation products, actinides, and fission products); and
(2) it supplies system-independent parameters. The specific parameters

contained in the decay library for each isotope are as follows:
1. half-life;
2. the probability of beta decay to an excited state;

3. the probability of (positron + electron capture) decay to an excited

state;

4. the probability of (positron + electron capture) decay to a ground

state;
5. the probability of alpha decay;
6. the probability of the internal transition decay of an excited state;
7. the average, recoverable energy per decay event;
8. the probability of spontaneous fission decay;

9. the probability of decay via emission of a beta particle and a

neutron [i.e., (B,n) decay];
10. the natural abundance; and
11. the RCG wvalues for both air and water.

Two changes have been made in the content of the updated decay library

1,3,4

as compared with the original libraries. The first change involved




elimination of the parameter specifying the fraction of the recoverable
energy per decay event (item 7 above) that is emitted in the form of
photons with an energy greater than 200 keV. This was desirable because
(1) the parameter was redundant with information available in the photon
spectrum table, (2) the definition of the parameter was somewhat arbi-
trary (i.e., the 200-keV cutoff), and (3) the parameter is difficult to
generate. The second change made in the new decay library was the
inclusion of the (B,n) decay mode. This decay mode, which results in
the production of the delayed neutrons necessary for reactor control,
occurs only in relatively short-lived fission products and yields a
daughter having an atomic mass different from that of the parent [i.e.,
the (8,n) decay of ?°Br produces ®°Kr, not 30xry.

The first seven of the items in the list of parameters above were
extracted from ENSDF7 for those nuclides in the file. Decay information
for those radioactive isotopes not in ENSDF was taken from ENDF/B—IV.ll
The processing of these items is described in Sect. 2.1. Items 8 through
11 were obtained from various sources, and the development of these
parameters will be discussed in Sects. 2.2 through 2.5 respectively.

A listing of the updated ORIGEN decay library is provided in Appendix A.
2.1 Half-Lives, Branching Ratios, and Recoverable Energy

Each half-life specified in the ORIGEN decay library is the total
half-life, which gives the rate of disappearance of a radioactive isotope
by all decay modes. The branching ratios specify the probability that a
particular daughter isotope will be produced by each decay event of a
parent isotope (i.e., that the parent will disappear via a particular
decay mode). When combined within the ORIGEN computer code, these
parameters determine the rate at which each daughter isotope is formed
from its parent. The half-life and branching ratio information for the
isotopes listed in Table 1 was abstracted from ENSDF and incorporated
into the updated ORIGEN decay library. If the required information was
not available from ENSDF, the next source to be consulted was the fission

11

product decay data in ENDF/B-1IV. The incorporation of ENDF/B-IV data




Table 1. Radiocactive isotopes for which decay data were taken from ENSDF
ELEMENT ATOMIC MASS

H 003
H® 006
11 008
BE 010

C 014 €15

N 012 016
NE 023
NA 022 024 025
MG 027 0zg
Al 028 029 030
ST N31
CcL 036 €38 O03¢&M
AR 037 0Ou1

Lt 00 Q42 083
CA outs 047
sC Que OQueM 047 0Qu8 050
T1 051

v c49 (52 (€S53
CR 051 4055
MN 053 (058 056 057 058
co 058 €58 C6C (C60M 0€1 062
NI 06 (66
cr 062 (64 066 067
7N 065 C€9 CeSM C72 074
GA 070 072 078 Q078
CE 077
S 07¢ €77 C€7¢& (€82 082M
13 075
ER 08¢ C80M 082 0824 083 084 085 088
KR 083m CeES (C8tM C87 088 (€89 (090 092
KB 086 (088 089 090 090M 092 094
SR 085  Ce7m €89 090 091 092

Y 089M C<0 €91 C91M 092 093 094
ZR 089 093 09% 097 101
NE 0c3M 094 094M 095 095M 096 097 0974 098 0S8M 099 099IM
Mc 0¢3 Cc€3m (9¢< 101
1c 098 (99 099 100 101 102 102M 104
RO n97 103 105 106 107
TH 103 104 104M 105 1054 106 106M 107 108 108eM
ET 102 1CS
AG 108 108¥ 109M 110 110M 111 114 115 116 116M 118 118M
AG 120
CT 107 109 115 115H
IN 114 114M 11SM 116 116M 118  118M 120 120M 122 122% 123
IN 130
SN 113 1174 119 123 123M 125 125M 126 127 130 132
SE 122 124 124m 125 126 126M 127 128 1284 129 130 130M
B 131 132 132M 134
TE 121 121 123 123M 125M 127 1274 129 1294 131 1231M 132
TE 132 1Z:Zm 134 135

I 126 128 129 130 130M 131 132 133 133M 134 134M 135
I 136 136¥ 138
XE 125 127 1274 131M 133 133 134M 135 1354 137 138 139




Table 1 (continued)

FIEMENT ATOMIC MASS
Ccs 132 134 1349 135 135M 136 137 138 138M 139
ER 131 133 133 135M 1378 139 140 141 142
1A 137 138  14C 141 142
CE 137 1374 139 139M 161 143 1uL 145 146
ER 12 143 148 1uuM 185 148
NT 147 149
M 14 147 14E€  1u8M 149 150
<M 145 147 148 151 153
0 152 152 1548 155 156
CT 15z 182
8 157 160
Y 157
EO 16€ 1€€EM
ER 171
™ 170 1M
YE 169 17¢
10 177
EF 181
TA 182
W 1817 187 188
FE 188
cs 191
IR 192 194
ET 19¢Em
AU 199
EG 203
71 207 zC8 209
EB 210 211 212 214
ET 210 211 212 213 214
¥O 210 z11 213 214 215 216 218
AT 217 '
FN 219 220 222
FR 221 zz2
RA 223 228 225 226
AC 228 227 228
TH 227 zz8 229 230 231 232 234
ER 2317 232 233 238 23uM
U 231 232 233 238 235 236 237 238 239 240
NP 23 2Z€ 23€M 237 238 239 240 240M
EU 236 238 239 280 241 242 243 244
AM 239 240 241 2u42M 242 243
cM 202 283 2u4 245 246 2047 248 249
EX 249 z2=0
CF 209 250 251 252 253

TOTAL NUMBER

OF NUCLIDES = 427
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into the ORIGEN library was accomplished previously.4 In the library
described in this report, the contribution of ENDF/B—IV\is generally
limited to information concerning short-lived fission products that
have not been observed experimentally. The half-life and branching
ratio information for the radioactive isotopes not present in ENSDF or
ENDF/B-IV is that developed for the original version of ORIGEN.l The

principal source of these values was the Table of Isotopes.2 In general,

the half-lives and branching ratios are directly available from the
sources cited here with little or no mathematical manipulation.

The recoverable energy per decay event (the "Q"-value) indicates
the amount of heat that would be deposited in the radioactive material
and in shielding material from each decay event. The Q-value being
considered here has an "engineering" connotation and should not be
confused with the '"physics' Q-value that is generally given by sources

such as the Table of Isotopes2 and the "Chart of the Nuclides."12

The difference between the two Q's is that the physics value defines

the total decay energy (includinglthe neutrinos released in beta decay),
while the engineering value includes only the recoverable energy. Thus,
the engineering Q-value is the appropriate one to use in calculating the
decay heat of spent reactor fuels, for example. The engineering Q-value
includes the energy of all photons (x-rays, gamma rays), the kinetic
energy of all particles released during decay (beta particles, positrons,
alpha particles, neutrons, fission fragments, conversion electrons, etc.),
the mass energy of positrons, and the recoil energy of the resulting
daughter nucleus. Only the energy of the neutrinos emitted during beta
and positron decay is not included. Determination of the average beta
and positron energy involves calculation of the (continuous) energy
spectrum of the beta particles or positrons being emitted. This spec-
trum calculation, in turn, depends on the type of transition being
considered (e.g., allowed, first-forbidden, etc.) and the isotope being
considered. Relatively sophisticated calculations, which are described
in Sect. 3.4, have been performed for the data taken from ENSDF. The
methods used in calculating the beta spectra for the ENDF/R-IV isotopes

are described in ref. 13. A computer code developed by Arnold14 was
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used in determining the average particle energies for the data taken

from the Table of Isotopes. The contribution of spontaneous fission

decay to the recoverable energy is assumed to be 200 MeV multiplied by
the spontaneous fission branching ratio. The source of the recoverable
energy data for each isotope was the same as that of its half-life and

branching ratio data.
2.2 Spontaneous Fission Branching Ratios

The spontaneous fission branching ratios are necessary to determine
the neutron emission rate of irradiated nuclear materials. The spontaneous
fission branching ratios used in the updated ORIGEN decay library were

taken from the evaluation of Reich.15 The single exception to this is

the branching ratio for 250Cm, which was taken from ENSDF.7

2.3 (B,n) Decay Branching Ratios

The most important aspect of the nuclides that decay via the (8,n)
mechanism is that they are the source of the delayed neutrons which are
necessary for the control of nuclear reactors (i.e., they are the delayed-
neutron precursors). However, even though the neutronic analysis in
ORIGEN is not sophisticated enough to account for this effect, the nuclides
that decay via the (8,n) mechanism are important for another reason. In
general, the decay of the fission product isotopes proceeds from the
short-lived isotopes to the stable isotopes with no change in atomic mass
because virtually all of the isotopes decay via beta emission or internal
transition from an excited state to a ground state. In contrast, (B,n)
decay results in a change in the atomic mass of the fission product decay
chain because of the emission of a neutron. TFor example, approximately
12% of all °®°Br and °°kr decays proceed via the (B,n) mechanism. Since
the fission yield of these two isotopes accounts for 80% of the production
of ®%sr, it is evident that diverting 12% of the potential ?°Sr into the
atomic mass 89 decay chain could be significant in some cases, even when
the diversion of material from the atomic mass 91 chain to the atomic mass
90 chain (V25% of that diverted from the atomic mass 90 chain) is accounted

for.
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The (B,n) branching ratios for 57 isotopes have been included in
the updated ORIGEN decay library. These branching ratios were taken
from ENDF/B-IV as listed in ref. 13.

2.4 Natural Isotopic Abundances

The abundances of the naturally occurring isotopes are used in
ORIGEN to simplify the specification of the amounts of naturally
occurring, unenriched materials by allowing the total amount of an
element to be input instead of the amount of each isotope. The natural
isotopic abundance data for 287 isotopes used in the updated ORIGEN

decay library are based on the recent evaluation of Holden.16

2.5 Radionuclide Concentration Guide Values

The RCG values, as defined and specified in Part 10, Title 20 of
the Code of Federal Regulations17 (10 CFR 20), specify the maximum

permissible concentration of a large number of isotopes in soluble and
insoluble forms, for both inhalation and ingestion, and for occupational
and unrestricted exposure. Typical units of a RCG value are curies per
cubic meter (Ci/m®). When the number of curies of a given isotope are
divided by the RCG value for that isotope, the result is the volume of
air or water (depending on the type of RCG value used) which would be
required to dilute that isotope to its RCG value. This dilution volume
is a measure of the toxicity of that isotope. An indication of the
toxicity of the mixture can be obtained by performing this calculation
for all of the isotopes in a mixture and summing the volumes. It should
be noted that this measure of toxicity is only valid in the case where
the mixture is directly ingested or inhaled, an extremely unlikely cir-
cumstance. Nevertheless, calculational simplicity makes it very useful
in many instances where only approximate answers are required.

The RCG values used in ORIGEN are for unrestricted exposure. The
smallest (i.e., most toxic) of the soluble or insoluble RCG values for

an isotope is used in each case. The RCGs for both inhalation (air)
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and ingestion (water) are included in the updated ORIGEN decay library.

The source of the RCG data used in this library was 10 CFR 20.17 If

values were explicitly listed for a given isotope, they were used. In

all other cases, the default prescription given in 10 CFR 20 for calculating

the RCG values was used.

2.6 Comparison of ORIGEN Decay Heat Predictions with the
Decay Heat Values Given by ANS Standard 5.1

The recently revised ANS-5.1 decay heat standard18 specifies, among
other things, decay heat values for decay times ranging from 1.0 to 10°
sec that result from the irradiation of 23°U in a thermal-neutron spectrum
for 10!% sec at a very low flux level (to eliminate the effects of neutron
captures). The standard is based on statistical analysis of experimental
results at decay times shorter than about 10° sec and on CINDER19 calcu-

11,13 at decay times between 10°

lations using an ENDF/B-IV data base
and 10° sec. A similar calculation has been performed with a revised
version of the ORIGENl computer code using the values in the decay library
described herein and thermal fission product yields from ENDF/B—IV.ll
The differences between the two sets of decay heat values are plotted

in Fig. 1.

The curve labeled "ORIGEN" shows the difference between the ANS
Standard 5.1 and the ORIGEN calculation using the decay data as it is
given in Appendix A. The curve labeled "ORIGEN LESS Tc-99" uses the
data given in Appendix A except that 2%Tec is assumed to be stable. The
assumption that %9T¢ is stable is necessary for a valid comparison
since it formed the basis of the data13 used in calculating the decay
heat values given by ANS Standard 5.1.

As is evident by inspection, the agreement between ORIGEN less °?Tc and
the ANS Standard 5.1 is excellent for decay times longer than about 50 sec,
with the deviation generally falling in the *1% range. The exception to
this is found at times between 10® and 5 x 10~ sec, where the deviation
approaches -2.0%. The increased deviation in this time range is attrib-
utable to different values in the two data bases for the average energy

of the beta particles emitted during the decay of '*"Pr.
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3. DESCRIPTION OF THE UPDATED PHOTON LIBRARY

The ORIGEN photon library contains information concerning the
energies and intensities of photons emitted as a result of the decay of
radioactive isotopes. Five photon sources were considered in the

updated photon library:

1. =x-rays and gamma rays from radioactive decay,

2. gamma rays from (a,n) reactions,

3. prompt fission gamma rays from spontaneous fission,

4. gamma rays from the fission products produced during

spontaneous fission, and
5. bremsstrahlung.

These sources are maintained separately, either in a "master'" library in
a format compatible with their inherent nature or in the form of equa-
tions. An ORIGEN-readable photon library is created by accessing all of
the master photon libraries and equations and casting them into a fixed
energy group structure in the three-part library (activation products,
actinides, and fission products) that is typical of ORIGEN. The updated,
ORIGEN-readable photon library is listed in Appendix B.

The photon library is used by ORIGEN to calculate the photon spectrum
emanating from a mixture of isotopes as a function of decay time. This
spectrum is then used as input to computer codes that calculate shielding
thicknesses, such as ANISN,20 Thus, it is desirable that the photon
energy group structure used in ORIGEN be compatible with the cross-section
energy group structure used in the shielding codes. This has been accom-
plished by requiring that the energy group structure used in the ORIGEN
photon library have integral boundaries with a standard ORNL 2l-energy-
group structure as used in the AMPX21 system. The resulting photon group
structure, which is given in Table 2, has the same number of groups as
the old ORIGENl photon library, although the boundaries have been changed.
The correspondence between the standard 2l-energy-group structure in

AMPX and the new ORIGEN structure is given in Table 2.
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The structure, sources, and calculational procedures used to gener—
ate the updated photon library will be described in more detail in the

remainder of Sect. 3.
3.1 X-Rays and Gamma Rays from Radioactive Decay

The photons that fall under this category include the x-rays and
gamma rays that result from beta, positron, electron capture, alpha, or
internal transition decays. Such emissions are characterized by having
fixed energies and intensities that depend only on the isotope involved.
These data are maintained in a master library format in which each x-
and gamma-ray energy and intensity are specified separately and in which
each isotope appears only once (i.e., the activation product--actinide—-
fission product distinction is not present). All of the x- and gamma-
ray data in the updated photon library were taken from ENSDF;7 Table 1
lists the nuclides included, with the exception of those that do not
have decay photons.

The master x- and gamma-ray library contains the photon energy and
intensity data exactly as they appear in ENSDF. However, when the indi-
vidual photons are incorporated into the ORIGEN-readable photon library
with a fixed energy group structure, as in Appendix B, the intensities
of the photons are adjusted to conserve energy. This is because all
photons in a given energy group are assumed to have the average group
energy; thus requiring a change in the intensity if the photon energy
release rate is to be conserved. The equation used to make this

adjustment is as follows:

I=1(E/8), (L
where
I = group photon intensity to be used in the ORIGEN-readable
library, photons/dis;
Ia = actual group photon intensity taken from ENSDF and present

in the master library, photons/dis;
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E_ = actual photon energy taken from ENSDF and present in the

master library, MeV;

E = average energy of the ORIGEN-readable library energy group

as given in Table 2, MeV.
3.2 Gamma Rays from (o,n) Reactions

The interaction of alpha particles with matter results in occasional
events wherein the alpha particle is captured by some isotope and ejects
a neutron along with prompt gamma rays. For engineering purposes, the
most important isotope undergoing these (a,n) reactions is %0, which
comprises 20.4 at. Z of natural oxygen. The photons resulting from
(a,n) reactions have not been studied to any great extent for most
isotopes, with the exception of 238py. The (o,n) photon spectrum and
production rate used in generating the ORIGEN-readable photon library

22,23

were based on fitting data for the 238py0, system, as given by the

following equation:
N(E) = 2.13 x 107% (e~!"3%E), (2)

where

N(E) = number of photons at energy E, photons dis™! MeV !;

E

photont energy, MeV.

This equation was assumed to bé valid for predicting the (a,n) photons
produced by all alpha-emitting isotopes. For each alpha-emitter in the
decay library, the (o,n) photon intensity is calculated for each of the
energy groups listed in Table 2, multiplied by the alpha branching ratio,
and incorporated directly into the ORIGEN-readable library at the time

it is being generated.
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3.3 Gamma Rays from Spontaneous Fission

The spontaneous fission of an isotope such as ?°2Cf results in the
production of prompt gamma rays in the same way as the neutron-induced
fission of 23%y. Spontaneous fission also results in the production of
fission products, and thus fission product gamma rays, as does neutron-
induced fission. Based on information given by Blizard,24 the intensity
of the fission product gamma rays at equilibrium is about 0.75 of that
from the prompt fission gammas for 2?5U; their energy spectrum is very
similar to that of 23°U. Data given by Peele and Maienschein25 con-
stitute an updated spectrum and intensity for the prompt fission gamma

235U

rays emitted by . If it is assumed that the prompt and fission-

product decay gamma rays from spontaneous fission are~the same as those

for 2%%y

,» combining the 0.75 factor with Peele's data gives the following
equations for predicting the intensity and spectrum of all the spontaneous

fission gamma rays:

N(E) = 11.5 0.1 S E < 0.6 MevV, (3a)
= 35.4 (e"1"7%E) 0.6 £ E < 1.5 MeV, (3b)
=12.6 (e7'"%E) 1.5 < E <10.5 Mev, (3c)
=0 E < 0.1; E > 10.5, (3d)

where
N(E) = number of photons at energy E, photons fission™! MeV !;

E photon energy, MeV.

The spontaneous fission gamma-ray photon intensity is calculated for each
of the energy groups listed in Table 2 as well as for each isotope
decaying via spontaneous fission in the decay library, multiplied by the
spontaneous fission branching ratio, and incorporated directly into the

ORIGEN-readable photon library at the time it is being generated.
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3.4 Bremsstrahlung

For engineering purposes, bremsstrahlung can be defined as a con-
tinuous photon spectrum resulting from-the interaction (i.e., deceleration)
of beta particles and positrons with the coulomb fields of nuclei.
Bremsstrahlung is different from the photons considered in Sects. 3.2
and 3.3 in that its energy spectrum is always continuous whereas the
other photons are actually line spectfa, modeled as being continuous
in some cases. Bremsstrahlung is negligible in many cases because of
the generally low intensity and energy of the radiation. However, in
cases where nuclides with high-energy beta particles are present or in
cases where other, high-energy, high-intensity gamma-ray emitters are
absent, bremsstrahlung can contribute significantly to the penetrating
radiation dose.

The first step in calculating the bremsstrahlung production rate
was to generate a "beta" library containing the end-point (i.e., maximum)
energy, intensity, and type of transition (e.g., allowed, first-forbidden,
ete.) for all nuclides decaying via beta or positron emission. The beta
library was generated using information in ENSDF7 for those nuclides
listed in Table 1.

The second step was to calculate the intensity'and (continuous)
energy spectrum of the beta particles and positrons. This was accom-
plished by using a computer program written by Gove and Martin,26 with
the previously described beta library as the input.

The third step was to calculate the intensity and (continuous)
energy spectrum of the bremsstrahlung resulting from the deceleration
of the beta particles and positrons. This was accomplished by using a
computer program developed by Dillman et al.,27 with the beta particle
and positron spectra described above as the input. The formulas used
in their computer program were taken from refs. 28-30. At this point,
the calculation becomes media-dependent since the intensity of the
bremsstrahlung is approximately proportional to the square of the atomic
number.3l The medium chosen for the photon libfary in Appendix B was

uranium dioxide. Changing the surrounding medium to water reduced the
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bremsstrahlung intensity by about a factor of 10. The results of the
bremsstrahlung calculation were cast into a fine energy group structure
in which the energy range between 0 and 13.5 MeV was divided (nonuni-
formly) into 70 intervals. Bremsstrahlung libraries for both uranium
dioxide and water media are stored in this format, and either can be
incorporated into the ORIGEN-readable library at the time the decay
gamma photon library is collapsed into the group structure given in
Table 2. The intensities of the bremsstrahlung are adjusted to conserve

energy using Eq. (1).
3.5 Generation of the ORIGEN-Readable Photon Library

Given the existence of the information described in Sects. 3.1-3.4,
the generation of the ORIGEN-readable photon library listed in Appendix
B is straightforward. The master decay gamma-ray and bremsstrahlung
libraries are accessed; each pair of energy/intensity data is adjusted
according to Eq. (1) and the energy group structure in Table 2, and then
the (o,n) and spontaneous fission gamma-ray intensities are calculated
in the correct energy group structure using Egqs. (2) and (3) and added
to the decay gamma rays and bremsstrahlung. The only other significant
information required as input is the list of nuclides in each of the
three library segments (i.e., activation products, actinides, and fission
products). Since this procedure requires about 40 sec on an IBM 360/91
computer, the ORIGEN-readable library is easily recast into a different

group structure or regenerated using a different list of isotopes.
4. FUTURE ACTIVITIES

The decay and photon libraries described in the previous sections

updated the following information:

1. the spontaneous fission branching ratio, the (B,n) branching

ratio, and the RCG values for all radiocactive isotopes;

2. the>natural abundance of all naturally occurring (usually non-

radioactive) isotopes; and
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3. the half-life, the recoverable energy per decay event, and
the branching ratios for beta decay to an excited state,
(positron + electron capture) decay, (positron + electron
capture) decay to an excited state, alpha decay, and
internal transition decay for the list of isotopes given

in Table 1.

Thus, what remains to be accomplished in the future is an update of

the information listed in item 3 above for the radioactive isotopes
contained in the ORIGEN libraries but not included in Table 1. These

605 nuclides are listed in Table 3. The decay and photon information

for these isotopes will be revised and documented as data become avail-
able from ENSDF. However, it should be noted that many of these isotopes
have never been observed experimentally and their decay-related proper-
ties, which were taken from ENDF/B-—IV,]'1 are derived from calculations
based on nuclear systematics. This effectively means that these iso—
topes may never appear in ENSDF and that decay and photon information

for them will not be revised unless new calculations are performed.
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Table 3. PRacdioactive isotopes for which decay data were not taken from ENSDF
FLIFMENT ATOMIC MASS
H 0oL
ET oce 011
B 012
0 019
¥ 020
NA 02um
T n32
P 032 033 034
S 02 037
AR €39 o042
K nua
CA 041 Cua9
<C 049
v 05C 054
FE 05 (=9
Cco 072 073 074 075
NI 059 ©63 072 073 074 075 076 077 078 .
cu 072 053 (€74 €75 076 077 078 079 080 081
ZN 063 071 071M 073 075 076 077 078 079 080 081 082
2N 083
GA 072 €73 075 077 078 079 080 081 082 082 (Qs8u 085
CE 071 C71M 07234 C75 C75M 077M 078 079 080 081 082 083
GE 08s 085 086 087 088
2S 07¢ 080 081 083 088 085 086 087 (88 08¢ 090
SE 0774 €79 (794 €81 (C81M 083 083M 084 085 0854 086 087
cw c88 089 090 091 092 093
ER 0794 C84M 086 086M 087 089 090 091 092 0932 094 0¢%5
ER 09¢€
KR 079 079» 081 081M 091 093 094 095 096 097 098
FB 086M C87 091 093 095 096 097 098 099 100 101
SR 0854 €93 094 095 096 097 098 099 100 101 102 103
SR 104
b4 090¥ 0S5 096 097 098 099 100 101 102 103 104 105
Y 106 107
ZR 090M 0S8 €99 160 102 103 108 105 106 107 108 109
NB 092 100 100M 101 102 103 104 105 106 107 108 109
NB 110 111 112
Mo 102 103 104 105 106 107 108 109 110 111 112 113
®0 114 11€
1c 097 097 103 105 106 107 108 109 110 111 112 113
C 118 115 116 117 118
F0 108 109 110 111 112 113 114 115 116 117 118 119
kO 120
FH 109 109 110 110 111 112 113 114 115 116 1177 118
FH 1719 120 121 122 123
T 107 107M 109% 111 111 112 113 116 115 116 117 118
ET 119 120 121 122 123 124 125 126
AG 111 112 112 113M 1154 117 1174 119 121 122 123 124
AG 125 126 127 128
Cr 1114 113% 117 1178 118 119 1194 120 121 122 123 124
CcT 128 126 127 128 129 130 131 132
IN 113 115 117 1178 119 1194 121 121M 1234 124 125 125#M
Iv 126 127 1274 128 129 131 132 133 138
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Table 3 (continued)

FLEMENT ATOMIC MASS
Sw 1131 121 121 1274 128 129 129M 131 133 134 135 13¢
<B 122® 133 138M 135 136 137 138 139
TF 136 137 138 139 140 141 142
I 125 137 139 140 181 142 143 1u4 145 :
XE 125 1294 140 141 162 143 144 145 146 147
Cs 131 140 181 142 143 148 145 146 147 148 149 150
BA 131 136X 143 148 145 146 147 148 149 150 151 152
LA 143 144 145 146 147 148 149 150 151 152 183 154
1A 18¢
CF 182 147 148 149 150 151 152 153 154 155 156 157
IR 142 186 147 149 150 151 152 153 1¢cg 155 186 157
IR 158 159
NT 44 151 1Sz 153 154 155 156 157 158 159 160 161
EM 151 152 152M 153 1584 154M 155 156 157 158 159 160
EM 161 162
SM 186 149 155 156 157 158 159 160 161 162 163 164
SM 16¢ '
FU 157 158 159 160 161 162 163 164 165
GD 1554 159 161 162 163 164 165
TE 161 162 162Mm 163 163M 164 165
4 159 1€E&  16:5M 1€6
HO 163
ER 162 165 1674 169 . 172
™ 170M 172 173
B 1754 177
jAs} 176 176M 177M
EF¥ 17 178M 17¢M 180M 182
TA 180 182 183
W 183M 185 185M 189
FE 186 1€7 18eM 189 ~
cs 185 190¥ 191M 193 194
Ir 1924 19um
ET 190 11 193 193M 197 197M 199 199N
AU 198 200
EG 197 197w 199M 205
TL 204 Z0¢€
EB 206 205 209
EI 208  210M
p4¢) 211 z12
EN 218
FA 222 228
TH 22€ 233
EA 235
0 230 2u1
NP 241
N 237 245 246
rM 244m 244 245 246
cH 241 280 251
BR 251
CF 254 2585
ES 253 2%y  Z54M 2tS

TOTAL NUMBER OF NUCLIDFS =

605
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APPENDIX A: LISTING OF THE UPDATED ORIGEN DECAY LIBRARY

The updated ORIGEN master decay library discussed in Sect. 2 is

listed in Table A.l1l. Table A.2 defines the variable names used in
Table A.l.
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Definitions of variable names used in Table A.l

Name of
variable

Definition

IU

HALF-LIFE

FB1

Units of half-life

1 = seconds

2 = minutes

3 = hours
4 = days

5 = years
6 = stable

7 = kiloyears (1 KY = 108 years)

I
=
o

)

8 = megayears (1 MY years)

I
[
o

©

9 = gigayears (1 GY years)
Total half-life of an isotope

. . a .
Beta decay branching ratio to an excited
state

(positron + electron capture) decay
branching ratio to a ground state

(positron + electron capture) decay
branching ratio to an excited state

Alpha decay branching ratio
Internal transition decay branching ratio
Spontaneous fission decay branching ratio
(B,n) decay branching ratio

Average recoverable energy per decay event,
MeV/dis

Natural abundance of isotope, at. %
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Table A.2 (continued)

s Name of
variable Definition
ARCG Radionuclide Concentration Guide value for
continuous inhalation of isotope in an
unrestricted area, Ci/m®
WRCG Radionuclide Concentration Guide value for

continuous ingestion of isotope in an
unrestricted area, Ci/m®

a . . s ,
The branching ratio is the fraction of all decay events that
proceed via a given decay mode.

NOTE: FB = 1.0 - FB1 - FPEC - FPEC1 - FAL - FIT - FSF - FBN,
where FB is the beta decay branching ratio to a ground
state.
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APPENDIX B: LISTING OF THE UPDATED ORIGEN PHOTON LIBRARY

- Tables B.1, B.2, and B.3 contain a listing of the updated ORIGEN
photon library for the activation products, actinides plus daughters,
and fission products respectively. Table B.4 (or Table 3.1) defines the

energy group structures used in these tables.
The format of the photon library is
NR  ISOTOPE NG, INT(NG;) . . . NGs INT(NGs)
NG¢ INT(NGg) . . . NGjg INT(NGio)

NGi; INT(NGi,) . . . NGi INT(NGi)

where
NR = library segment number
= 101 for activation products
“ = 102 for actinides plus daughters
/ = 103 for fission products
ISOTOPE = isotope designation
NGi = energy group number (see Table B.4); if
there are i groups with nonzero intemsities,
Nejpp = 71
INT(NGi) = intensity of photons in energy group NGi’

photons/dis

The NGi/INT(NGi) pair is specified only when the intensity is nonzero.
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Teble B.1. Updated photon library: activation products

101 ® 3 1 2.45E-05 -1
101 HF 6 1 S.€7E-01 2 7.18E-02 3 4.56E-02 4 1.86E-02 5 9.97E-03
6 2.94E-03 7 4.89E-04 8 9.55E-05 9 8.03E-06 -1
101 11 8 1 2.56E 00 2 4.52E-01 3 3.68E-01 4 2.09E-01 5 1.80E-01
6 1.229-01 7 5.02E-02 8 3.34E-02 9 6.45E-02 10 3.03E-02
11 6.67E-03 12 1.08E-03 -1
101 PF 8 1 1.26F-08 4 3.34E-09 5 1.90E-09 6 9.52E-10 7 4.77E~10
8 2.398-10 9 1.76E-10 10 5.24E-11 11 3.40E-12 12 2.15E-13
-1
101 RE 10 1 3.49%-02 2 3.28E-04 3 1.96E-06 -1
101 ¢ 14 1 3.12E-03 -1
101 ¢ 15 1 1.138 00 2 1.75B-01 3 1.30E-01 4 6.63E-02 5 5.00E-02
6 2.84E-02 7 1.02E-02 8 6.058-03 9 9.42E-03 10 3.01E-03
11 2.€5E-04 12 3.68E-06 -1
101 ¥ 13 1 3.11E-01 2 3.19E-02 3 1.79% 00 4 4.91E-03 5 1.44E-03
6 8.22E-05 7 1.05E-11 -1
101 ¥ 16 1 1.058 00 2 1.61E-01 3 1.19E-01 4 6.08E-02 5§ 4.58F-02
6 2.80%-02 7 9.59E-03 8 1.34E-02 9 9.63E-03 10 3.60E-03
11 €.56E-01 12 6.72E-04 -1
101 ¥E 23 1 7.14E-01 2 4.84E-01 3 6.508-02 4 2.88E-02 5 1.76E-02
6 1.68E-02 7 2.55E-03 8 9.70E-O4 9 1.93E-04 -1
101 wp 22 1 1.718-01 2 1.37E-02 3 1.60% 00 4 9.75E-04 5 1.02F 00
€ 7.27E-07 7 6.03E-08 8 9.02E-10 -1
101 wa 24 1 1.52E-01 2 1.06E-02 3 3.69E-03 4 4.90E-04 5 1.09E 00
6 1.86E-07 7 4.26E-08 8 1.00E 00 9 6.85E-04 10 7.12E-06
-1
101 wa 2% 1 5.42F-01 2 2.02E-01 3 1.71E-01 4 1.87E-01 5 1.258-02
6 9.23E-02 7 1.58E-03 8 7.31E-04 9 2.768-05 -1
101 MG 27 1 2.178-01 2 1.76E-02 3 7.59E-03 4 7.14E-01 5 2.27E-01
6 7.518-07 -1
101 MG 28 1 1.58E~01 2 3.91E-01 3 1.12E-03 &4 4.24E-01 5 6.17E-01
€ 4.09%-02 -1
101 AT 28 1 4.28¥-01 2 4.95E-02 3 2.91E-02 4 1.06E-02 & 4.62E~03
6 1.02E 00 7 6.10E-05 8 9.67E-07 -1
101 AL 29 1 3.198-01 2 3.32E-02 3 1.77E-02 4 7.35E-03 5 9.37E-01
6 4.00E-04 7 8.99E-02 -1
101 AL 29 1 8.94F-01 2 1.30E-01 3 9.07F-02 4 4.30E-02 € 4.65E-01
€ 3.268-02 7 6.41E-01 8 7.02E-02 9 3.20E-01 10 2.02E-02
-1
101 ST 31 1 1.68F-01 2 1.25E-02 3 4.73F-03 4 7.39%-04 & 7.59E-04
-1
161 ST 32 1 S.35E-03 -1
101 P 32 1 2.06F-01 2 1.73E-02 3 7.42E-03 4 1.54E-03 5 2.08E-04
6 3.398-07 -1
101 P 33 1 7.22E-03 -1
101 s 35 1 2,28F-03 -1
101 c¢1 3€ 1 4.88E-02 2 1.07E-03 3 3.25E-04 4 3.20E-10 5 5.558-13
-1
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Table B.1 (continued)

101

101
101
101
101
101

101

101 -

101
101
101
101
101
101
101

101
101

101

101
101

101
101

101

101

1C1

101
101

101

101

CL

CL
AP
AR

-CA

Ca
sC
sC
sC
sC
sC

TI

CF
cre

MN
MY

wy

FE

ce
Co

ce

a8

I8
41
40
42
43

45
47

46
4em
47
48
50
51

49
57

53

51
55

Su
56

57

58

59

58M
58

) 60

60™

o wd e D e 3 Nt e N N ed N e N d N DN ed o N ed N d ok d wd W N d N Dt N ed e N

5.67E-01
3.12F-01

1.07E-06
1. 48E-03
1.21r-01
5.01E-04
1.09E-01

2. 15E-01
1.59E-01
1.33%-01
4. 77E-C8
7.46E-03
8.52F-02
3.08E-04
1. 41E-02
1.07E-07
< 2E-01
7.49E-01
1.29E-01

€.098-01
9. 10E-01
2. 74E-01
4.39E-05
5.95F-03
3.57E-01
1.178-03
3. 45E-01
1.78%-04
7.452-03
3.70E-01
7. 14F-04
9. 17E-03
2.70E-01
2.82E-01
4.80E-01
6.67%-03
1.69F 00
2.048-01

1. €2E-02
1.62E-14
1. 24E-02
3.88E-02
4.95E-03
1. 11E-02
1. 06E-05
2.29E-02
7.68E-0€

N NN - W ~N N

N~

NN NNSNNE UMD S anNN

DN ON NN = LN

7.67E-02
4.26E-01

1.17E 00

7.25E-03
3.47E-08
7.13E-03

6.69E-02
7-.23E-04
9.92E~-01

5. 08F-03
3.61E-06

1.80E-04
6.87E-04

7.90E-02
7.86E-04
8.21E-01

3.87E-02
5.52E-06
3.89E-02
6.18E-07
8.36E-02
4.06E-02
4.99E-05
9.82E-01
2.85F-02
1.35E-01
5.94E-02
1.63E-05
2.42E-01
3.61E-02

6.47E-05

2.13E-03
1.95E-13
8.22E-05
3.28E-08
8.02E-08

@R W

w w

w o W

w M W W o w

(W et LY = 1)

5.23E-02
8.90E-04

2.13E-03
2.30E-03
4.05E-02
1.07E-04
9.79E-01
6.04E-02
1.61E-07
2.298-06
2.338-05
8.52E-01
2.05E-04
2.598-02
2.20E-02
2.39%7-02
2.28E-02
1.67E-16
1.61E-02
1.89E-02
7.61E-02
1.93E-09
3.91E-01
3.62E-02

9.70E-06

2.67E-01
4.72E-06

3.12E-08

(VR e I~

&

2.41E-02
8. 38E-04

2.05E-04
2. 46E-04
1. 70E-02
1. 03E-05
5. 25E-03
6.78E-02

1.05E 00

1. 16E 00
2. 16E-02
3. 89E-0%
7.90E-02
8.41E-03

5.81E-03

7.72E-03

9.918-01
1. 62E~-03
1. 33E-02

1.09E 0C
7.87E-03

1. 68E-0¢€

9.55E-01
7.47E-05

7.62E-05

[9,]

1.58E-02
9.26E-07

1.03E 00
1.25E-01
9.07E-03

1.78E-02

7.77E-01

8.96E-01

1.88E 00
9.09E-01

9.99E-04

1.16E 00

8.27E-01

2.98E-03

3.79E-03
5.78E-03

7.95E-01
5.54E-04

1.50E-07

9.10E-06€
2.00E 00

2.66E-03
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Table B.l (continued)

101
101
101
101

101
101

101
101

101
101

101
1C1
101
101
101
1c1
101
101
101
101
101
11
101
101
101
101
101

101
101

cr

co

NT

I

wT
cn

cn

cn

cu

7y

7N
7y
yA

G2
G2
GF¥
GF
GF
AS
RS
SF
S¥
SE
S¥

BPR

PR

61

67

65

66
62

64

66

69
69M
71
71m
70
72
75
77
7™M
76

77
75

82

q3M

80

80y
82

M ocd cd N e N cd N ok ok ed d N DA M N D b d Dl O oad OV ek et vd e ad DN b cd N e N ad N b ed TN bt cd N ed

£.06E-01

5.83E-01
2.65E-02

4.442-04
1.90E-01
8.25E-03
5.95%-03
6.63E-01
5.22%-03
3.728-02
1. 76E-08
3.59%-01
3.99E-04
7.€4F-01
4.94E-01
2.04E-03
2.34R-02

7.36E-02
1. 23E-03
3. 498-01
4.36E-04
1.57E-01
4.04E-0€
1. 92F-01
7. 18E-08
1. 47E-01
1.27E-01
1.078-01

2.07E 00
2.24E-02
2. 21E-01
. 65E-04
3. €2E-01
5.30E-03
8.21F-02
2.28% 00
3.87E-03
1.54F%-01
9.57F-05
4.91E-01
2.518-03
2.09¥F-01
1.20%E-05
1. €0E-01
7.52E-02
8.C6E-03

NN aaDNN

N NN @ISR

' [} [}
AN D A NN NN GOSN NNN AN

7.23E-03

7.52E-02
1.76E-01

6.21E-02

8.84E-02
1.59€-03
2.11E-013

3.91E-02
1.33E-05
8.46E-03
6.13E-02
2.95E-04
1.92E-04

2.78E-03
1.11E 00
3.80E-02
2.46E-05
1.15E-02
3.34E-08
1.54E8-02

2.09E-02
3.51E-01
5.88E-03

4.27E-01
1.748-02
3.66E-02
3.69E-05
4.08E-02
1.04E-02
8.89E~04
1.32E-01

1.20E8-02
5.31E-06
6.04E-02
4.92E-04
1.93E-02

1.82E~-03

[

W= W wwiw

wowwomw Wwmowow=aw

w oo w

WoWwwow

w oW

2.14E-03

4.86E-02
2.58F-04

1.24E-02

1.798 00
3.178-04
3.19E-01

2.19E-02
7.68E-11
6.56E-07
3.81E-02
4.60E-05
2.60E-02

4.17E-04
3.29E-04
2.12E-02
1.69%-07
4.36%8-03

6.38E-03

3.43E-01
1.26E-01
1.558-03

3.208-01

2.12E-02
5.4 1E-07
5.478-01
5.04E-04
5.69E-03
4.28%-04

5.51E-03
7.20E-08
3.76E-02
1.40E-04
1.02E 00

1.518 00

gy - £ OVE Ao sV s

£ 0 e

3.83E-02
2.05E-02
1.388-02

3.97E-03

2. €TE-02
1. 61E-04
1. 78E-04
9.20E-03
1.51E-02
1. 91E-06
3. 40E-05
5.89E-06
1. 45E-16
7.20E-03
7.24E-04
1. 24E-03
1. 148 00
3.17E-04
1.02E-04
2. 14E-01
7.58E-03

1.34E-02

1.26E-06
1.64E-03
1. 51E-02
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Table B.1 (continued)
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Table B.l (continued)
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Table B.1 (continued)
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Table B.1 (continued)
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Table B.,1 (continued)
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Table B.1 (continued)
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1. 26E-08
2. 39E-10

7.04E-01
6.72E-02
1. 60E-01
1. 74E-03
7.58E-02
3. 32E-02
8. 48E-01
1.98E-17
2.44E-02
1. 22E-01
6.62F-07

O & O &ty [LSIE S NS ) N N~

(Vo 3

NN

N

-1

N

-1

~ R

4.298~02
1.58E-06
2.99E-01
4.39E-03
7.21E-01
1.91E-02
2.45E-03
2.40E-05
3.34E-09
1.76E~-10

3.34E-0S
1.76E-10

3.34E-0¢
1.76E-10

3.34E-09
1.76E-10
1.14E-03
1.15E-02
3.17E-01
3.21E-02
1.34E-02
1.33E-02
1.58E-01

3.34E-089
1.76E-10

2.48E-03
1.18E-02
3.02E-03

2.53E-02

1.31E-04
7.53E-03
2.48E~-09

-1

10

w

- W w

2.57E-01
2.11E 00
2.248-03
6.33E-02

1.11E-02
4.62E-04

1.90E-09
5.24E-11

1.90E-09
5.24E-11

1.90E-09
5.248-11

1.90E-09
5.24E-11
1.98E-03
4.28E-03
3.81E-02
8.69E-03

9.47E-02

1.138-01
1.90E-09
5.24E-11
3.97E-04
4.51E-03
5.22F-04
7.58E-03

3.91E-07
2.34E-03

1. 418-01
4.77E-01
1.88E-03
3.27E-01

7.11E-04
1.89E-05

9.52E-10
3.40E-12

9.52E-10
3.40E-12

9.52E-10
3.40E-12

9.52E-10
3.40E-12
2.62E-06
6.75E-04
3. 42E-01
2.93E-01

4.76E-01

2. 30E-01
9.52E-10
3.40E-12
5. 06E-0€
7.39E-04
8. 18E-06

7.21E-01

2.47E-04

2.62E-01
1.63E-01
1.53E-10
5.13E-01
6.44E-08
4.77E-10
2.15E-13

4.77€-10
2.15E-13

4.77E-10
2.15E-13

4.77E-10
2.15E-13

4.95E-05
4.99E-01
1.C8E-02

5.27E-01

4.27E-01

4.77E-10
2.15E-13

6.00E

05

3.02E-01

1.30E-05
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Table B.1 (continued)

101
101

101
101
1C1

101

101
101

101
1C1
101
101

101

101
101
101

101
101

101
101

101
1C1
101

101
1c1
101
101

101
101

101
101

101
101
101
101

DY 157
DY165

DY16EM
nY166
H0166

HOT16€6M

Fr169
FR171

FR172
™™170
™171
T™172

™173

YF169
¥P175
YE177

LU17€
LUO17EM

17177
10177

HF181
HF182
TA182

TA183
R 181
% 185
w 187

W 188
RE186

PF187 .

RE188

PF189
©s191
cs194
TR192

2.93E-01
1. 17E-01

3.837-05
1. 56E-02
2.738-01
3.07E-03
1.78E 00

1. 21E-02
1. 12 00

1. 17E-02
1. 10E-01
£.30E-03
1. 42E-01
1. 47E-06
6.94E-02

1. 87% Q0
1. 11E-01
1.12E-01

3.19E-02
1. 15E-01

2.491-01
5.69E-02

€.07E-01
3.39%-03
9. E5F-01
1. €4E-10
3.40E-02
2.73E-01
1. 82E-02
3.24E-01

2.38F-02
7.53E-02

1.218-15
4.14E-01
1.G4F-03
8.78E-02
€. €8E-01
7.518-04
6. 46E-01

RS I SR S 8 ) N Ny [[S I S NN ) ~N

N NN

8.28EFE-01
7.098-03
1.27E-06
1.59E-05
1.73E-02
1.87E-01

1.52E-06
5.49E-01

7.17E-06
2.87E-03

1.16E-02
2.58E-03
3.11E-02
6.88E-02
7.20E-03

3.34E-04
6.84E-03

1.96E-03
3.05E-03

1.29E-01
2.28E-04
4.21E-04

3.11E-05
2.45E-03

1.52E-06
3.45E-03

2.23E-02
1.58E-05
3.46E-03

9.51E-01

3

3

L W W

2.05E-03
2.14E-03
1.89E-07
4.,82E-12
7.99E-03

3.02E-01

1.07E-02

1.28E-12
4.84E~-04

5.10E-03
4.14E-00
1.58E-04
2.36E-03

4.06E-06
2.02E-03

5.38E-09
7.43E-04

7.27E-01
7.75E-06

8.86E-06

6.91E-01

7.37E-04

3.73E-02

6.13E-04

5.79%-01

1.43%-03
2.03E-04
2.078-09
2.028-03

1. 418 00

1.88E-02

7.49E-06
1. 14E-03
9.73E-06€
2.32E-06

2.76E-04

1.83E-04

3.83E-0S

1. 14E-02

1. 16E-11

4.86E-02

2.70E-05

1.35E-02

1.32E-05

3. 14E-03

wm

(8]

5

wm

[94]

1.3€E-04

3.65E-06

1.06E-02

3.06E-02

2.53E-04

1.92E-04

1.88E-07

9.28E-01

2.128-0F

2.17E-10

3.43E-03

4.99E-C4
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Table B.1 (continued)

101 Ir1927 1 2.06E-05 2 1.28E-06 3 4.16E-07 4 5.28E-08 5 3.18E~-09
-1 -
101 TR194 1 5.69E-01 2 1.66E-01 3 4.738-02 4 1.47E-02 £ 1.57E-02
6 2.27F-03 7 8.71E-05 -1
101 IR194% 1 6.49E-03 -1
101 PT190 1 1.268-08 4 3.34F-0S 5 1.90E-09 6 9.52E-10 7 4.77E-10
8 2.398-10 9 1.76E~-10 10 5.24E~-11 11 3.40E-12 12 2.15E-13
-1
101 PT195M 1 S.05E-01 -1
101 PT197 1 3.€5E-02 2 5.35¥-04 3 1.74E-05 -1
1017 PT197™ 1 1.458-03 2 2.88®-05 3 1.53E-06 -1
101 PT199 1 1. 478-01 2 1.07E-02 3 4.12E-03 4 7.53E-04 5 9.03E-05
6 1.00E-07 -1
101 avU198 1 7.26E-02 2 2.87E-03 3 4.93E-04 4 7.98E-06 5 4.09E-09
-1
161 AT199 1 6.02%-01 2 6.53E-06 -1
101 HG203 1 1.8%E 00 -1
101  ©°R204 1 1.26E-08 4 3.34E-09 5 1.908-09 6 9.52E-10 7 4.77E-10
8 2.39E-10 9 1.76E-10 10 5.24E-11 11 3.40E-12 12 2.15E-13
-1
101 PF209 1 3.70F-02 2 5.37E-04 3 1.51E-05 -1
101 21210 1 9.84E-02 2 5.18E-03 3 1.32E-03 4 8.06E-0S 5 2.278-07
-1
101 RI210H4 1 1.25E-08 4 3.32E-09 5 1.89E-09 6 9.48E-10 7 4.75E-10
8 2.38E-10 9 1.758-10 10 5.22E-11 11 3.38E-12 12 2.14E-13
-1
101 BI2M1 1 1.28E-02 2 1.14E-01 3 2.25®E-11 4 3.33E-09 5 1.89E-09 -
6 9.49E-10 7 8.76E-10 8 2.39E-10 9 1.76E-10 10 5.23E-11
11 3.39F-12 12 2.14E-13 -1
101 P0210 1 1.26¥-08 4 1.00E-05 5 1.90E-09 6 9.52E-10 7 4.77E-10
8 2.398-10 9 1.76E-10 10 S5.24F-11 11 3.40E-12 12 2.15E-13 -
-1
101 »c211 1 1.26E-08 3 5.45E-03 4 5.60E-03 5 1.90E-09 6 9.52E-10
7 4.77E-10 8 2.39E-10 9 1.76E~-10 10 5.24E-11 11 3.40E-12
12 2.158-13 -1
101 PO211™ 1 1.26E-08 4 3.34E-09 5 1.90E-09 6 9.52E-10 7 4.77E-10
8 2.39F-10 9 1.76E-10 10 5.24E-11 11 3.40E-12 12 2.15E-13

-1
-1  THERE ARF 222 NTWCLIDES IN THIS PHCTON LIERARY SEGMENT AND 1634 NON-ZERO
INTENSITIES
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Updated photon library:

actinides and daughters

102
102
102

102

102

102

102

102

102

102

102

102

T1 207

117208

12709

PE209

PR210

PR211

PR212

PE214

BI210M

BI210

RrT211

FI212

BI212

RI214

o210

PC211M

— —

-

—

— b - b -t d — [
AN AN ad Ned NN ad P ik N dMNd s N ad FQDaDN @M wadN g N @ N aa™a

- b

I - [
PR = G T <

2.958-01
2.C08F-02
1.91E-05
3. €7E-01
2.50E-02
4.26%-03
4.85F-01
7.52E-01
2. €5E-04
1. 16E-01
4.90Fr-03
2. E4E-01
2.73E-01
1.85E-02
1. 14E-03
2.23E-01
6.69E-03
4.C6E-01
1. 20E-02

8.35E-09
. 28%-10

2.327-01
1. 48E-02
2.27E-07
1.02E-02
3.04E-08
1. 89E-09
5.23E-11
2.€0E-01
1.45%8-02
8.91E-03
1.88FE-11
2.70E-01
1.68E-02
3.458-03
1. 13E-12
7.68E~01
6.218-02
3.44%-01
1. 10F-14
28.38E-09
. 39E-10

8.38E-C9
2.39E-10

—

—

SN NN @ UMM SNRNNR SRR RN -

—h b
"o

- >
SR SN RSN N

UK QY
=~ R NI N

6.09E-02
2.57E-02

7.01E-02
1.29E-01
2.0SE-05
8.29E-02
4.07E-02
8.92E-01
2.22E-02
4.10E-03
5.58E-05
5.56E-02
2.34E-02

9.72%-03
4.74E-01
5.01E-02
3.53E-01

3.32E-09
1.75E-10

4.71E-02
1.70E-02

1.51E-07
3.16E-08
9.49E-10
3.39E-12
3.73E-02
2.43E-02
3.38E-02
1.22E-12
5.13E-02
2.66E-02
2.06E-11
7.34E-14
1.61E-01
8.63E-02
2.76E-01
7.14E-16
1.00E-05
1.76E-10

3.34E-09
1. 7T6E-10

@ W

-

, ,
MWWwmonWw-20WE=ow

@™ W o w

3.94E-02
9.098-03

4.568-02
1.23E-02
9.49E-01
5.43E-02
1.66E-02

1.37E-02
5.37E-04
1.01E-05
3.59E-02
5.66E-02

5.60F-03
2.75E-02
3.11E-02
3.50E-01

1.89E-09
5.22F-11

3.C2E-02
5.18€-03

9.19E-08
1.14E-01
4.76E-10
2.14E-13
3.61E-02
9.93E-03
2.91E-10
7.71E-14
3.31E-02
3.28E-01
1.03F-11
4.64%E-15
1.06E-01
5.08E-02
8.51E-02
4.51E-17
1.50E-09
5.248-11

1.90F-09
5.248-11

(Vo B ~—F —iVo B¥ )

(VoI VI

5.58E~-02
3. 128-03

6.51E-02
1.078 00

7.82E-02
7.88E-01

1. 77E-02
1.51E-05
3.28E-02
5.09E-02
2. S4E-03

6. 47E-03
2.358-07
5.12E-02
1.24E-02

3.48E-10
3.38E-12

4.20®8-02
1. 32E-03

1. 178-07
2.258-11
2.39E-10

3.56E-02
7.42E-03
8. 60E-11

L.64E-02
2.76E-03
5. 178-12

1.53E-01
5. 40E-01
1.488-03

9.52E-10
3.408-12

9.52E-10
3.40E-12

3.28E-02
2.94E-03

1.C3E-01
1.43E-01

2.30E-01
1.61E-03

9.07E-03
3.45E-02
3.53E-02
3.43E-01

2.25E-01
1.59E-02

4,.7SE-1C
2.74E-13

2.40E-02
8.06E~05

2.13E-02

0 3.33E-09

1.76E-10

2.40E-02
1.31E-01

£ 6.33E-11

6.56E-02
3.60E-03
3.80E-12

1.03E-01

0 1.19E-01

2.78E-04

4.77€-10
2.15E-13

4.77E-1¢
2.15E-13
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Table B.2 (continued)

107

102

102

102

102

102

102

1¢2

102

102

P0211

P0212

P0212

PO214

PC21¢

PC21F

PC218

AT217

E¥218

Ev219

EN220

R¥222

RA222

PA223

2. 38E-09
4.77E-10
2. 15E-13
8. 38E-09
2.39%-10

8.38%-09
2.39E-10

€.71%-07
«39E-10

8. 38E-09
4.77E-10
2. 15E-13
8.38E-09
2.39E-10

€.38E-09
Z.29E-10

2. 65E-04
4.77E-10
Z. 15E-13
B.38F-09
2.39E-10

1. 12E-02
6.51E-04
2. 39E-10

. 38E-09
4.77E-10
2. 15E-13
8.38E-09
4.77E-10
Ze 15E-13
2.50E-02
3. 34E-09
1.768-10
€.U45E-01
2.59E-02
2.89%-09
3.15€E-15
4.278 01
2.10E 00

2.86F-01

-8.48EF-02

4.77%-10
Z.15E-13

5.458-03
2.39E-10

3.34F-09
1.76E-10

3.57E-05
1.76E-10

9.78E-05
1.76E-10

4.68E-04
2.39E-10

3.34E-09
1.76E-10

3.34E-09
1.76E-10

4.13E-04
2.39E-10

3.34E-0¢
1. 76E-10

1.67E-02
2.55E-05
1.76E-10

6.69E-04
2.39E-10

6.92E-04
2.39E-10

2.68E-02
1.90E-09
5.24E-11
4.67E-02
6.67E-02
5.71E-14
2.04E-16
2.75E 01
1.89E 00

8.43E-07
2.52E-03
2.39%E-10

10
15

1
16

11
16

11
16

10
15

11
16

1
16

10
15

11
16

6
1"
16

10
15

10
15

6
12
17

3

8
13
18
11
16

5
10
15

5.60E-03
1.76E-10

1.50E-09
5.248E-11

1.90E-09
5.24E-11

1.90F-09
5.24E-11

3.34E-09
1.76E-10

1.90E-09
5.24E-11

1.90E-09
5.24E-11

3.34F-09
1.76F-10

1.90E-09
5.24%-11

1.358-03
5.07E-06
5.24E-11

3.34%E-09
1.76E-10

3.34F-09
1.76E-10

9.78E-04
9.52E~-10
3.408-12
2.54E-02
1.16E-02
2.86FE-14
1.29%-17
1.28E 01
8.10E-01

5.13E-01
2.93E-05
1.76E-10

12
17

12
12
17

11
16

12
17

12
11
16

12
17

11
16

1
16

1.90E-09
5. 24B-11

9.52E-10
3. 40F-12

9.52E-10
3.40E-12

9.52E-10
3.408-12

1.90E-09
5.248E-11

9.52E-10
3.40€E-12

9.52E-10
3.40E-12

1. 90E-09
5. 24E-11

9.52E-10
3.40E-12

1. 20E-01
9.52E-10
3.40E-12

1. 90E-09
5.24E-11

1.90E-0%9
5.28E-11

1. 22E-01
4.77E-10
2. 158-13
3. 42E-01
8.07E-04
1. 44E-14

6.25E 00
9.33E-02

5.01E-02
1.90E-0¢
5.24E-11

12
17

13
18

13
18

13
18

12
17

13
18

13
18

12
17

13
18

9.52E-10
3.40E-12

4.778-1C
2.15E-13

4.77E-10
2.15E-13

4.77E-10
2.15E-13

9.52E-10
3.40E-12

4.77E-10
2.15E-13

4.77E-1¢C
2.15E-13

9.52E-10
3.40E-12

4.77E-10
2.15g-13

7.18E-02
4.77E-1C
2.15E-13

9.52E-10
3.40E-12

9.52E-10
3.40E-12

2.32E-C3
2.39E-10

1.66E-01
8.32E-02
1.06E-14

3.62E 00
1.07E-02

2.12E-01
9.52E-10
3.40E-12
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Table B.2 (continued)

107

102

102

192
102

102

102

102

102

102

102

102

RA228
AC225

Ac227

TH230

TH231

TH232

PA232

16

-t b

PRy
P N 2 O cd N cd N b ed N =

——

4.58E-03
3.34%-09
1.76E-10
2.40E-01
8.96E-04
2.41E-03
3.34F-09
1.76¥-10
1. 16E-03
2. 04E-01
1. G3E-02
1.%0E-09
S. 24F-11
7.95€E-03
1.96E-04
1. 21E-11
4.€9E-14
7.58¥-01
2.01E-02
4.86E-02
4.12E 01
2.03E 00

£.09%-01
1. 18E-02
4. 10%-07
5.24E-11
1. 16E-01
1.90%-09
5.24E-11
1.09% 00
7.43E-02
4.77%-10
2.15E-13
1.05E-01
1.90E-09
£.25E-11
4.87E-02
€.42E-03
8.148-02
1.90E-09
£.24F-11
1.73F-01
2.46E-03
£.78E-01
7.15F-04
1.50F-09
£.28E-11
7.75E-01
£.25E-02
4.48F-03

4.27E-03
1.90E-09
5.24E-11
9.04E-03
3.05F-04
6.18E-03
1.90E-09
5.24E-11
1.49E-05
3.83E-06
1.70E-02
9.52E-10
3.40E-12
6.50E-05
1.72E-04
6.59E-12
2.96E-15
5.40E-02
1.28E-01
8.53E~-02
2.65E 01
1.82E 00

2.89E-03
3.01E-01
3.52E-10
3.40E~-12
1.18E-02
9.52%8-10
3.40E-12
4.06E-04
1.C8E-01
2.39E-10

4.48E-03
9.52E-10
3.40E-12
1.59E-01
2.24E-03
1.54E-03
9.52E-10
3.408-12
6.20%-03
2.56E-05
1.04E-01
2.55E-02
9.55E-10
3.44E-12
9.52E-03
8.37E-02

7 4.198-02

9.5ZE-10
3.40E-12
3.14E%-01
1.038-06
2.72E-02
9.528-10
3.40E-12
1.76%-07
2.58E-04
2.82E-04
4.77E-10
2.15E-13
1.03E-06
7.40E-06
3.30E-12

3.48E-02
1.84F-01

1.23E 01
7.82E-01

4.97E-03
5.74E-02
4.77E-10
2.15E-13
1.18E-03
4.77F-10
2.15E-13
1.02E-01
3.348-09
1.76E-10

5.18E-04
4.78E-10
2.15E-13
4.58E-03
2.98E-05
4.33E-04
4.77E-10
2.15E-13
2.94F-03

2.80E-03
7.35E-02
4.79E-10
2.19E-13
5.46E-03
1.01E-01

4.37E-05
4.77E-10
2.158-13
5.82E-03

7.55E-06
4.778-10
2. 15E-13

5. 14E-03
1.48E-02
2.39E-10

7.79E-05
4.61E-11
2.43E-12

5.39E-02
7.83E-02

6.03E 00
9.01E-02

8. 12E-02
4, 99E-05
2. 39E-10

3.47E~-03
2.39E-10

5.93E-03
1.90E-09
5.24E-11

2.04E-04
2.40E-10

9.38E-03

8.38E-09
2.39E-10C

4.59E-02
4.31E-03
3.39E-05
2.40E-10

8.01E-03
2.50E-01

10

15
12
17

10
15

10
15

w

7.92E-0F
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Table B.2 {(continued)
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Table B.2 (continued)

102 Wp23f 1 1.97E 00 2 3.95E-03 3 4.48E-03 4 2.99E-03 S 6.34E-01
6 2.03%-01 7 1.97E-01 8 3.66FE-05 9 7.94E-08 -1
. 12 wp237 1 7.85E-01 2 1.15E-01 4 7.49E-03 5 2.02E-901 € 2.29E-02
7 1.12E-02 £ 2.82E-05 9 2.40E-05 10 3.34E-09% 11 1.90E-C9
12 9.52FE-10 13 4.77E-10 14 2.39F-10 15 1.76E-10 16 S5.24E-11
17 3.40E-12 18 2.15E-13 -1
102 »r238 1 8.00E-01 2 5.20E-02 3 3.40E-02 4 4.44E-02 S 2.60E-02
€ 1.99E-02 7 1.74E-02 2 6.59%-03 9 8.378-03 10 3.33E-01
11 2.098-01 -1
102 NP239 1 9.26E-01 2 1.21E-02 3 8.22E-03 4 2,22E-02 £ 1.65E-01
6 4.76E-01 7 3.30E-01 8 3.18E-02 9 1.37E-04 -1
1C2  NP?u0M 1 €.€9E-01 2 7.76E-02 3 5.17E-02 4 7.62E-02 S 4.78E-02
6 3.15E-02 7 6.51E-02 8 2.62E-02 9 3.68E-01 10 6.S8E-02
11 2.77F-02 12 1.C7F-02 -1
102 NP240 1 2.32E 00 2 1.11E-01 3 7.328-02 4 1.01e-01 5 2.38E-01
6 2.55-01 7 3.62E-01 8 2.57E-01 9 6.18E-01 10 7.47E-01
11 7.89E-02 12z 1.61E-05 -1
102 PU236 1 1.80E-01 4 5.71E-04 6 1.05E-04 7 4.85E-06 9 5.20E-06
10 6.63F-09 11 3.43E-09 12 1.70E-09 13 9.11E-10 14 4.91E-1C
15 4.C2E-10 16 1.49E-10 17 1.46E-11 18 1.50E-12 -1
102 Pn237 7 2.77E-13 10 1.10E-13 11 6.26E-14 12 3. 14E-14 13 1.58E-14
14 7.S0E-15 15 5.81E-15 16 1.73E-15 17 1.12E-16 18 7.(C8E-18
-1 -
102 pn23e 1 1.57E-01 3 4.52E-04 5 8.69E-05 7 6.92E-0€ 10 4.88E-07
11 1.99E-08 12 2.67E-09 13 1.48E-09 14 8.18E-10 15 6.96E-10
16 2.76E-10 17 2.91E-11 18 3.17E-12 -1
162 p0239 1 5.71E-02 3 6.24E-05 4 2.11E-04 5 2.12E-05 6 B.4UE-C5
7 1.20E-05 8 6.38F-05 9 2.358-06 10 2.14E-07 11 2.38E-09
* 12 9.%6E-10 13 4.8CE-10 14 2.41E-10 15 1.77E-10 16 5.30E-11
17 3.46¥-12 18 2.22E-13 -1
102 »n240 1 1.50E-01 4 3.54E-04 6 5.8u4E-05 7 3.59E-06 ¢ 1.88E-07
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17 3.40F-16 18 2.15E-17 -1
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Table B.2 (continued)
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Table B.2 (continued)

102 cw248 1 1.02%-01 3 2.378-04 7 5.328-01 10 3.42E-01 11 1.59E-C1
12 7.79E-02 13 4.52E-02 14 2.62F-02 15 2.358-02 16 1.01E-02
. 17 1.168~03 18 1.34E-04 -1
102 €209 1 1.66E-01 2 3.208-02 3 2.C1E-02 4 2.71E-02 5 1.49E-02
§ 1.35¥-02 7 9.C8E-03 8 5.61F-03  § 2.998-02 10 1.71E-C6
-1
102 C™2590 7 3.90E 00 10 2.51E 00 11 1.17E 00 12 5.70E-01 13 3.31E-01
14 1.92E-01 15 1.72E-01 16 7.40E-02 17 8.52E-03 18 9.80E-CH
-1
102 ©K249 1 1.457-02 2 1.71%-03 3 7.05F-04 4 4.12E-04 & 2.87E-CS
€ 1.C3E-C7 7 2.94E-09 8 1.78F-07 10 1.89E-09 11 8.80E-10
12 4.30F-10 13 2.49E-10 14 1.458-10 15 1.30E-10 16 5.58E-11
17 6.43F-12 18 7.39F-13 -1
107 BK?50 1 6.13E-01 2 3.03E-02 3 1.95F-02 4 2.57E~02 5 1.54F-02
€ 1.70E-02 7 8.53E-03 8 2.25F-03 9 6.61F-04 10 5.57E-C1
11 3.26E-01 12 5.42E-08 -1
102 CF249 1 3.36F 01 3 6.16E-04 4 2.51E-03 5 3.29E-03 6 6.31E-02
7 4.48E-02 € 8.22F-01 9 2.07E-04 10 1.65E-03 11 1.15E-C8
12 5.638-09 13 3.19E-09 14 1.81E-09 15 1.59E-09 16 6.59E-10
17 7.33F-11 18 8.25E-12 -1
102 CF250 7 4.92E-03 10 3.16E-03 11 1.478-03 12 7.20E-04 13 4.18E-04
14 2.428-04 15 2.188-04 16 9.34%-05 17 1.08E-0% 18 1.24E-06
-1
102 CF251 1 7.66E-01 4 8.35E-03 5 3.55¥-03 6 4.638-01 7 2.42E-01

10 3.34%-09 11 1.90E-09 12 9.5Z%-10 13 4.77%*-10 14 2,39E-10
1€ 1.76E-10 16 5.24E-11 17 3.40E-12 18 2. 15E-13 -1

102 (Cr2s52 1 1.09E-01 3 1.76E~04 6 9.32E-05 7 1.98E-01 10 1.27E-01
. 11 5.93¥-02 12 2.90BE-02 13 1.68E-02 14 9.75E-03 15 8.76E-03
1€ 3.76%-03 17 4.33E-04 18 4.98E-05 -1
12 CF¥253 1 4.33%-02 2 7.19E-03 3 3.99E-03 4 4,.28E-03 S 1.52E-C3
6 5.137-04 7 1.13E-04 10 1.02F-11 11 5.88E-12 12 2.95E-12
v 12 1.48¥-12 14 7.42E-13° 15 5.46E-13 16 1.63E-13 17 1.05E-14
18 6.65E~-16 -1
102 CF2=t 7 6.378 00 10 4.10E C00 11 1.91E 00 12 9.32E-01 13 S5.41E-01

14 3.13E-01 15 2.82%-01 16 1.21F-01 17 1.39E-02 18 1.60E-03
-1

102 ®S253 7 5.64E-07 10 3.61E-07 11 1.68%-07 12 8.23%-08 13 4.77E-08
14 2.76E-08 15 2.48E-0€ 16 1.06E-08 17 1.22E-09 18 1.40F-10
-1 -
102 ©S25UM 1 1.18F-01 2 2.28E-02 3 1.41E-02 4 1.86E-02 £ 9.80E-03
6 5.54E-03 7 1.20E-02 8 1.38%-03 9 3.30E-04 10 4.25E-02
11 1.97%-03 12 9.63E-04 13 5.59E-04 14 3.24P-04 15 2.91E-04
16 1.25E-04 17 1.44E-05 18 1.66F-06 -1

7

102 *S254 2.C0E-07 10 1.27F-07 11 5.93E-08 12 2.90E-08 13 1.67E-08
14 9.€7%-09 15 8.65E-09 16 3.69F-09 17 4.23E-10 18 4.84%E-11
-1

102 ¥s25% 7 2.66E-04 10 1.71E-04 11 7.97E-05 12 3.90E-05 13 2.26E-05

14 1.318-05 15 1.18E-05 16 5.05E-06 17 5.82E-07 18 6.70E-C8
-1
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Table B.3 (continued)
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2.88E-01
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Table B.3 (continued)
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Table B.3 (continued)
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Table B.3 (continued)

107 TP164 1 2.42E-01 2 2.14B-02 3 1.01E-02 4 2.€2E-03 5 6.94E-04
6 €.C8E-05 7 2.12E-06 8 6.96E-09 -1
103 DY165 1 1.17E-01 2 7.09E-03 3 2.14E-03 4 2.03E-04 S 3.65E-06 -
-1
103 DY165M 1 3.53E-05 2 1.27E-06 3 1.89E-07 4 2.07E-09 -1
163 TY166 1 1.56E-02 2 1.59E-05 3 4.82E-12 -1
103 HC166 1 2.73E-01 2 1.73E-02 3 7.99E-03 4 2.02E-03 5 1.06E-02
6 2.07E-03 -1
103 HO166M 1 1.78E 00 2 1.87E-01 3 3.02E-01 4 1.41E 00 5 3.06E-02
-1
103 FR16S 1 1.21E-02 2 1.52E~06 -1
103 YR169 1 1.87E 00 2 8.11E-02 3 1.58E-04 4 2.32E-06 -1
103 TM170 1 1.10E-01 2 2.87E-03 3 4.84F-04 4 7.49%-0€ -1
103 EP171 1 1.12E 00 2 5.498-01 3 1.07E-02 4 1.88E-02 S 2.53E-04
-1
103 TM171 1 5.20E-03 -1
103 FR172 1 1.17E-02 2 7.178-06 3 1.28F-12 -1
103 TM172 1 1.42E-01 2 1.16E-02 3 5.10F-03 4 1.14E-03 5 1.92E-04
6 1.47E-06 -1

-1 THEFRE ARE 28€ NTUCLIDES IN THIS PHOTON LIERARY SEGMENT AND 1688 NCN-ZERO
INTENSITIES
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Table B.4., Photon energy group structures for activation
products, actinides, and fission products

Group Lower boundary Upper boundary Average energy

. . . a
Activation and fission products

1 0.0 3.0000E-01 1.5000E-01
2 3.0000E-01 4.5000E-01 3.7500E-01
3 4.5000E-01 7.0000E-01 5.7500E-01
4 7.0000E-01 1.0000E 00 8.5000E-01
5 1.000C0E 00 1.5000E 00 1.2500E 00
6 1.5000E 00 2.0000FE 00 1.7500E 00
7 2.0000%F 00 2.5000E 00 2.2500E 00
8 2.5000E 00 3.0000€ 0O 2.7500E 20
9 3.0000E 00 4.0000E 00 3.5000E 00
10 4.0000E 0O 6.0000® 00 5.0000E 00
11 6.0000F 00 8.0000E 00 7.0000E 00
12 8.0000E 00 1.1000E 01 9.5000E 00
Actinides and daughtersb
1 C.0 2.0000E-02 1.0000E-02
2 2.00C0E-02 3.0000E-02 2.5000E-02
3 2.0000E-02 4.5000E-02 3.7500E-02
4 4.5000E-02 7.0000E-02 5.7500E-02
5 7.0000E-02 1.0000E-01 8.5000E-02
& 1.0000E-01 1.5000E-01 1.2500E-01
7 1.€000E-01 3.0000E-01 2.2500E-01
8 3.0000E-01 4.5000E-01 3.7500E-01
9 4,5000E-01 7.0000E-01 5.7500E-01
10 7.00C0E-01 1.0000E 0O 8.5000E-01
11 1.0000F Q0 1.5000E 00 1.2500E 920
12 1.5000E 00 2.0000E 00 1.7500E 00
13 2.0000F 00 2.5000F 00 2.2500E 00
14 2.5000E 0O 3.0000E 00 2.7500E 00
1% 2.0000F 00 4.0000F 00 3.5000E 00
16 4.00C0E 0O 6.0000E 00 5.0000E 00
17 €.0000F €O 8.0000F 00 7.0000E 00
18 8.00C0E 00 1.1000E 01 9.5000E 00

8Tables B.l and B.3.

b

Table B.2.
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